The Yichun topaz-lepidolite granite is the youngest and most evolved unit of the Yichun granitic complex, southern China, and is well known by virtue of the unusual development of Ta-Nb-Li mineralization and enrichment in cesium in a granite. Three petrographic zones are recognized from the bottom upward: K-feldspar-rich facies, albite-rich facies, and albite-and K-feldsparrich facies. The Cs contents increase with fractional crystallization of the magma, and reach a maximum in the middle part of the albite-rich facies (1709 ppm). Two principal carriers of Cs are observed in this facies: pollucite and the Cs-dominant analogue of polylithionite. In the middle part of this facies, both minerals occur as small inclusions within quartz or K-feldspar phenocrysts, indicative of a magmatic origin. However, in the upper part of this facies, pollucite appears interstitially among tabular crystals of albite around K-feldspar phenocrysts, suggesting that this type of pollucite postdates the rock-forming minerals, but formed prior to complete crystallization of the silicate melt. In addition, Cs-rich replacement zones typify the rim of lepidolite flakes in the groundmass. Lepidolite may contain up to 25.8 wt% Cs 2 O, or ~0.9 Cs apfu (based on O = 11). Such lepidolite may be considered a Cs-dominant analogue of polylithionite. According to their distribution and compositional characteristics, pollucite and the Cs-dominant analogue of polylithionite seem to have formed at the late-magmatic or magmatic to hydrothermal transition stage of evolution of the leucogranitic magma at Yichun.
chimiques, les porteurs de Cs semblent cristalliser à un stade magmatique tardif ou à la transition magmatique à hydrothermale au cours de l'évolution du magma leucogranitique à Yichun.
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and quarries in the section (Fig. 1) . Five units can be recognized in the Yichun granite pluton, but the topazlepidolite granite is the only one to be mineralized (Ta, Nb, Sn, Li) . The topaz-lepidolite granite itself can be subdivided into three facies from the bottom upward:
(1) a K-feldspar-rich facies, (2) an albite-rich facies, and (3) an albite-and K-feldspar-rich facies (Fig. 1 , Huang et al. 2002) . This granite is highly evolved, with economic concentrations of disseminated rare metals such as Ta, Nb, Zr, Hf and Be. It shows enrichment in rare alkalis such as Li, Rb and Cs. In particular, Cs contents increase with progressive crystallization of the granite, and reach the highest level in the middle part of the albite-rich facies (e.g., Zk05: 1709 ppm, Fig. 1 ). Two principal minerals containing the cesium (pollucite and Cs-rich lepidolite-series mineral) have been found in this granite, and their compositions are very sensitive monitors of the physicochemical conditions of their environment of crystallization in the leucogranitic magma.
ANALYTICAL METHODS
Polished thin sections were initially examined using the back-scattered electron (BSE) mode of a JEOL JXA8800 electron microprobe in the Department of Earth Sciences, Nanjing University, in order to characterize the internal chemical heterogeneity of the Cs minerals. Mineral compositions were determined with the same electron microprobe, equipped with three wavelength-dispersion spectrometers. The operating conditions were as follows: accelerated voltage 15 kV, beam current 20 nA, beam diameter 1 m. Both natural and synthetic standards were used: Amelia albite (Na), Tanco pollucite (Cs, Al, Si), orthoclase (K), amazonitic K-feldspar (Rb), hornblende (Mg, Fe, Ca) , Durango fluorapatite (F). We used the ZAF program for data reduction (Amstrong 1989) . The lithium content of lepidolite was estimated according to the empirical equation proposed by Tindle & Webb (1990) : Li 2 O (wt%) = (0.287 ϫ SiO 2 ) -9.552.
In order to identify the Cs-rich lepidolite-series mineral, Raman spectra were recorded at room temperature on polished thin sections with a Renishaw RM2000 micro-Raman spectrometer equipped with a CCD detector, also in the Department of Earth Sciences of Nanjing University. The operating conditions were as follows: excitation laser wavelength: 514 nm (Ar + laser), laser energy: 5 mW, and spectral slit: 25 m. The 50ϫ objective was used on a Leica DM/LM microscope. With this objective, the lateral spot-size of the INTRODUCTION Cesium occurs generally diluted in traces in potassium-bearing minerals, owing to its very low clarke value (2 ppm, McDonough et al. 1992 ) and large ionic radius (1.67 Å, Shannon 1976) . Pollucite is the most important mineral of cesium, commonly found in evolved pegmatite rocks. Furthermore, nanpingite, the Cs analogue of muscovite, was first described in the Nanping rare-element granitic pegmatite in southern China (Yang et al. 1988 , Ni & Hughes 1996 . Simmons et al. (2001) have recently described the new species londonite from the Antandrokomby granitic pegmatite, in Madagascar; it is the Cs-dominant analogue of rhodizite. It is obvious that these Cs minerals occur in pegmatitic rocks owing to protracted fractionation, as was documented, e.g., in Tanco, Manitoba, Canada (Teertstra et al. 1992) , Bikita, Zimbabwe (Teertstra & Cerný 1997) or Altai, northwestern China (Wang et al., in prep.) . Although rarely documented in the literature to date, an enrichment in Cs is also possible in highly fractionated granites, as demonstrated in the Beauvoir rare-element granites, Massif Central, France (wholerock Cs content up to 664 ppm: Rossi et al. 1987) , as well as in the Yichun topaz-lepidolite granite, southern China (whole-rock Cs content up to 1709 ppm: Huang et al. 2002) . Very recently, on the basis of a melt-inclusion study of two granites in northern New Mexico, Audétat & Pettke (2003) have shown that during progressive crystallization and fluid exsolution, the Cs contents of the residual melt increased from 1 ppm to values as high as 5500 ppm. Furthermore, an inclusion of pollucite in albite was reported in the B2 facies of the Beauvoir topaz granite (Rossi et al. 1987) . During previous work in the Yichun topaz-lepidolite granite, investigations have also demonstrated the common presence of both pollucite and Cs-enriched, even Csdominant, lepidolite-series minerals. Our paper deals with a detailed presentation of the mineralogical features of Cs-bearing minerals from the Yichun topazlepidolite granite, and a discussion of enrichment processes of cesium at the magmatic to hydrothermal stage of evolution of the granite.
GEOLOGICAL SETTING OF THE YICHUN GRANITE
The characteristics of the Yichun topaz-lepidolite granite have been discussed in an earlier publication (Huang et al. 2002) . We give here a simplified geological map of the granite pluton with a cross-section, and the location of samples taken in a 43-m-deep drillhole laser beam was about 1 m. Silicon (520 cm -1 Raman shift) was used as a standard. The Raman spectrum was collected in 30 minutes.
THE COMPOSITION OF THE POLLUCITE
Pollucite, ideally CsAlSi 2 O 6 , is a member of the leucite -analcime family of cubic and pseudocubic zeolite-related minerals. The cations Cs, Rb, and K substitute for each other in one site in the pollucite structure (grouped as the CRK component; defined as 100(Cs + Rb + K) / ⌺(Na + K + Rb + Cs + Mg + Ca) Beger 1969, Č erný 1974), which also contains molecular H 2 O.
The solid solution of analcime toward pollucite generally entails substitution of H 2 O in analcime for a CRK cation, accompanied by the introduction of charge-balancing Na on a second site (Teertstra et al. 1992) . The general formula for pollucite -analcime solid solutions is stated to be (Cs x Na y ) Al x+y Si 3-x-y O 6 •(1-x)H 2 O (2y < 1-x < y, and x ≈ 0.90), which indicates that Si/Al exceeds 2 across the series.
In the Yichun granite body, pollucite was observed in two different modes of occurrence. It is found as inclusions in quartz, and as interstitial crystals among albite. Yin et al. 1995) and simplified cross-section of the Yichun topaz-lepidolite granite. Whole-rock Cs contents of selected drill-hole samples are also given.
FIG. 1. Geological map (after

Pollucite inclusions in quartz
In the middle part of the albite-rich facies (ZK5, 6, 7, YC08), pollucite is found as inclusions within quartz (Fig. 2a) . Such mineral paragenesis indicates that pollucite predates the crystallization of the rock-forming minerals, and is further likely to be of near-liquidus magmatic origin. The pollucite grains are very fine, generally micrometric, with variable forms, but more commonly oval or rounded.
Electron-microprobe results show that the compositions of pollucite range from 32.2 to 36.6 wt% Cs 2 O (Table 1) . In a plot of Si/Al versus CRK, Si/Al ranges from 2.24 to 2.54, and CRK, from 77.02 to 86.22 (Fig.  3) . Pollucite from the Yichun granite has an almost identical composition to pollucite from other worldwide localities (Fig. 3) .
Interstitial pollucite between albite crystals
In the Yichun topaz-lepidolite granite, the "snowball"-textured K-feldspar phenocrysts are characteristic. The "snowball" texture is named specially for the Kfeldspar phenocrysts containing fine tabular crystals of albite along their growth zones in rare-element granites (Yin et al. 1995) . The P 2 O 5 contents in the host K-feldspar and albite inclusions have already been investigated (Huang et al. 2002) . In this study, we found further that the K-feldspar phenocrysts contain small patches of Csrich lepidolite in the middle facies, ZK05, 06 and 07 (see below for details). However, in the upper part of the albite-rich facies (yc09), phenocrysts of K-feldspar are free of Cs-rich lepidolite. In contrast, pollucite was found at their rims and as intergranular fillings between tabular crystals of albite (Fig. 2b) , which surround the K-feldspar phenocryst. This type of pollucite thus postdates the main rock-forming minerals (e.g., K-feldspar or albite). The pollucite crystals are up to a few hundreds micrometers in size.
Back-scattered-electron images show that the pollucite is heterogeneous, characterized by two parts of distinct brightness. It is mainly darker, but some lighter parts penetrate (Fig. 2c) ; the former is the primary phase, whereas the latter represents an altered product. Accordingly, electron-microprobe data reveal obvious compositional differences between them. The Teertstra et al. (1992) and Teertstra & Č erný (1995 Teertstra & Č erný ( , 1997 . topaz-lepidolite granite described below shows systematic compositional features of such a type of cesian mica. As shown below, the Cs-dominant lepidolite found in the Yichun granite is in fact the Cs-dominant analogue of polylithionite, which we will shorten as "Cs-dominant Pln" hereafter.
Composition of the lepidolite-series minerals
In the Yichun topaz-lepidolite granite, lepidolite is one of the major rock-forming minerals. It usually occurs as fine tabular crystals in the groundmass, and corresponds chemically to the polylithionite-trilithionite solid solution, and to the Li-bearing muscovite endmember (Belkasmi et al. 1992) . The composition of the lepidolite, like the feldspar, differs depending on the petrographic facies. In the K-feldspar-rich facies of the granite, the mica corresponds to (Fe,Mn)-bearing lepidolite (Zk15: FeO = 1.08 wt%, Mn = 1.63 wt%, Table  2 ). Purer lepidolite is observed in the albite-rich facies: Fe and Mn are generally less than 0.30 wt% FeO and 1.00% MnO, respectively. Noteworthy is the occurrence of zinnwaldite, instead of lepidolite, at the near-surface sample of the upper part (on average 6.64 wt% FeO and 2.06 wt% MnO in sample Zk3).
Rb and Cs are two components of the lepidolite structure. Concentrations of Rb are virtually constant, oscillating around 1 wt% ( Table 2) . Most of the lepidolite flakes contain generally less than 1 wt% Cs 2 O (Table  2 ). In the albite-rich facies, however, the lepidolite is characterized by enrichment in Cs. Our detailed study has revealed a Cs-bearing to Cs-dominant Pln.
Zonation of Cs-rich lepidolite-series minerals
Two types of occurrence of the cesian-lepidolite-series minerals are described below, one consists of inclusions of Cs-rich polylithionite within rock-forming minerals, the other represents a Cs-rich rim around the primary lepidolite-series minerals.
In the albite-rich facies of the granite (Zk5, 6, 7, YC08), a Cs-rich lepidolite-series mineral is found included in various rock-forming minerals, mainly K-feldspar and albite. In the K-feldspar phenocrysts with the "snowball" texture, lepidolite laths of about 10 m long and a few m wide contribute to this texture (Fig. 4) . It must be noted that the lepidolite is restricted to the host K-feldspar phenocrysts, and is never found in their albite inclusions. In addition, the lepidolite displays zoning, with a darker core and a thin lighter rim in back-scattered electron images (Fig. 4b) . A similar zonal texture of lepidolite has already been described in the pegmatite of Moldanubicum (Teerststra et al. 1995) . Both elemental mapping and spot analyses reveal a normally Cs-bearing core and a highly Cs-enriched rim (Fig. 4c, Table 3 ). The sharp core-rim boundary is caused by distinctive Cs contents between the two parts. The cores commonly contain less than 4 wt% Cs 2 O, whereas the greater amounts, up to 25 wt% Cs 2 O, typify the rim. Outside the K-feldspar phenocrysts, the albite groundmass can also contain inclusions of lepidolite, but less commonly. Chemically, this type of lepidolite displays the same zonation as that described above (Fig.  5) . The core is slightly enriched in Cs (Cs 2 O < 2 wt%), whereas the rim may contain up to 22 wt% Cs 2 O.
In addition, we note the presence of a Cs-rich rim on lepidolite flakes in the groundmass in the middle to upper parts of the albite-rich facies, particularly well displayed in samples Zk6, Zk7 and Yc08. The Cs-rich zone normally replaces rock-forming lepidolite flakes (Figs. 6a) . It may also occur as fine subparallel laths penetrating along cleavages of the host lepidolite (Fig.  6b) . The Cs-rich rims are several micrometers wide. The primary lepidolite contains generally <1 wt% Cs 2 O, whereas Cs 2 O concentrations at its rim are generally >17 wt%, and up to 25.81 wt% Cs 2 O (Table 4) . Similarly, some Li-bearing muscovite was also replaced by the Csrich end-member composition at its rim (Table 4) .
Raman spectra of the Cs-dominant Pln
It is impossible to analyze the Cs-dominant Pln with X-ray diffraction owing to the difficulty of mineral separation. For this reason, we chose Raman spectroscopy to make a comparison of the Cs-dominant Pln with a Cs-bearing lepidolite-series mineral.
Representative Raman scattering spectra recorded on both the Cs-rich rim (Cs-dominant Pln, 16.8 wt% Cs 2 O) and Cs-bearing lepidolite (0.6 wt% Cs 2 O) of an albitehosted zoned inclusion of lepidolite are presented in Figure 7 . On the basis of previous results of McKeown et al. (1999a, b) and Wang et al. (2002) , Raman peaks may be assigned. The peak at about 1150 cm -1 is attributed to the stretching mode of the Si-O nb bond (O nb : non-bridging oxygen) in SiO 4 tetrahedra. The typical peak for phyllosilicate minerals at ~700 cm -1 is well displayed for both the Cs-dominant Pln and Cs-bearing lepidolite, corresponding to both Si-O stretching and OSi-O bending deformations. This is the result of the deviation of mica compositions toward a "tetrasilicic" trioctahedral mica . The Raman peaks in the <600 cm -1 region arise from a complex set of translational motions of cations in octahedral sites and in interlayer sites relative to the SiO 4 groups in the layers of tetrahedra, the oxygen atoms, and the OH groups (including their transitional and librational motions).
The Raman spectra of the two parts of the lepidolite, distinctive in Cs content, are very similar in their peak positions, and are furthermore comparable with the Raman spectrum published by Wang et al. (2002) . Therefore, we suggest that a Cs-bearing, even a Csdominant, member of the lepidolite series is structurally the same as a mineral of the lepidolite series.
Crystal chemistry of Cs-rich lepidolite-series minerals
As in the solid-solution series muscovite -nanpingite or phlogopite -cesian phlogopite, a good correlation exists between K and Cs in the series between lepidol- ite and Cs-rich lepidolite (Fig. 8) . This relationship indicates a reasonable K ↔ Cs substitution for the Csrich lepidolite, suggesting its structural formula as (K, Cs)(Li,Al) 3 [(Al,Si) 4 O 10 ](F,OH) 2 . It must be noted that the Cs may exceed 0.5 atoms per formula unit (apfu) in our material, and may reach values as high as 0.89 apfu. The lepidolite-series member thus varies in terms of Csfor-K substitution. Figure 9 shows the relative proportions of the major interlayer-site cations (Cs, K and Rb) in the lepidolite from the Yichun granite. The material studied is very close to the K -Cs join, in contrast to the Rb-and Cs-rich polylithionite from the Red Cross Lake granitic pegmatite (Černý et al. 2003) . Values of Rb/K are rather low in the lepidolite, possibly because of overall low concentrations of Rb in the pegmatiteforming melt at Altai. No Rb-bearing minerals have been found in the Altai granitic pegmatite.
According to the nomenclature of the micas (Rieder et al. 1998) , lepidolite refers to a series of micas on, or close to, the join trilithionite K(Li (Fig. 10) . The data from the present study were plotted in this diagram. The estimated IV Al of the material studied ranges from 0.09 to 0.94 apfu, mostly in the range of 0.09 and 0.40 apfu for the Cs-rich zoned lepidolite, which is thus dominated by the polylithionite end-member. In terms of the ratio Cs/(K + Cs), the datapoints were divided into three groups. The Cs/(K + Cs) value of the lepidolite flakes in the groundmass is <0.1, whereas the zoned lepidolite is more enriched in Cs. The core of the zoned lepidolite has a Cs/(K + Cs) value of 0.1 to 0.4, in contrast to the rim, with a ratio generally exceeding 0.5, even up to 0.96. Therefore, the zoned lepidolite rims correspond to a Cs-dominant analogue of polylithionite. In Figure 9b , one sees that even though there are micas of trilithionite composition, there is virtually no Cs enrichment in these minerals. It is only the samples of polylithionite that exhibit Cs enrichment.
The data of Č erný et al. (2003) and those of the Altai granitic pegmatite (Wang et al., in prep.) 
also reveal that
Cs enrichment is found in polylithionite. That said, there is no evidence presented that would support the designation of a Cs-dominant analogue of trilithionite. However, more work needs to be done to understand the existence of Cs in the structure of trilithionite.
DISCUSSION
The Yichun topaz-lepidolite granite is highly evolved, with economic concentrations of disseminated rare metals such as Li, Ta, Nb and Be. It also shows an enrichment in rare alkalis. Like other rare-metal accessory minerals (Huang et al. 2002) , Cs minerals are very sensitive to the physicochemical conditions of their environment of crystallization in the leucogranitic magma. According to their distribution and compositional features, Cs minerals seem to have formed at the late-magmatic stage and at the transition from magmatic to hydrothermal conditions.
Crystallization of Cs minerals in the Yichun topaz-lepidolite granite
The enrichment of the melt in Cs, and in volatile components such as F, B and P, promotes a decrease in the solidus temperature of the granitic melt (London et al. 1998) . However, Cs is an incompatible element in major rock-forming minerals such as quartz (K were determined by various methods, but the values obtained match very closely. Experimentally determined partition coefficients are in the range of 0.16 to 0.23 (Icenhower & London 1996) . Similarly calculated muscovite -rock values in the Richemont rhyolite (France) varies between 0.2 and 0.4 (Raimbault & Burnol 1998) . Although the Cs partition coefficients obtained between muscovite and melt are lower than unity, the fact that cesian phlogopite, cesian biotite, and even nanpingite exist in some pegmatitic environments indicates that micas, including muscovite, are certainly good hosts for Cs. In the Yichun topaz-lepidolite granite, cesium becomes more enriched in residual melt with fractional crystallization of the leucogranitic magma, and attains the greatest concentrations at the upper part of the albite-rich facies of the granite (Fig. 1 also associated with lepidolite, elbaite, and montebrasite, suggesting that the formation of pollucite in granitic pegmatites occurs at the transition from magmatic to hydrothermal conditions (London et al. 1998 ). In our case, pollucite may also crystallize around rock-forming minerals, in particular as large crystals filling interstices among tabular crystals of albite. Such pollucite appears to have formed prior to the complete crystallization of the silicate melt. As indicated by London et al. (1998) , the formation of this type of pollucite in the Yichun topaz-lepidolite granite seems to occur during the evolution of the magmatic to hydrothermal stage.
Fluid-melt partition coefficients for Cs published by Webster et al. (1989) are variable, but they can be expected to increase as temperature decreases at 0.5 kbar. In fact, the Cs contents in magmatic fluids should increase with progressive crystallization of granitic magma (Audétat & Pettke 2003) . The fact that pollucite and nanpingite-like mica occur as pocket phases in the lithium pegmatite of the O'Grady batholith (Ercit et al. 2003) indicates also that Cs enrichment in fluid is likely. In the case of the Yichun topaz-lepidolite granite, Csbearing fluids may have exsolved during the evolution of the leucogranitic magma. This type of fluid further replaced the early-formed lepidolite along the marginal part or cleavages (Figs. 6a, b) , thus leading to formation of Cs-rich lepidolite in the upper middle part of the granite.
Comparison with crystallization process of rare-element minerals Huang et al. (2002) carried out a systematic study on rare-element accessory minerals in the Yichun topaz-lepidolite granite. Like the Cs-bearing minerals, rare-element-bearing minerals display important variations in composition as a function of depth. Columbite and zircon are present throughout the granite, and display progressive increases in Ta/(Nb + Ta) and Hf content, respectively, from the lower part to the middle part of the drill hole, suggestive of magmatic differentiation at the beginning of crystallization after the intrusion of the magma at shallower level. However, unlike columbite and zircon, pollucite as well as Cs-rich lepidolite are never observed in the lower part of the granite, and appear only in the middle part of the granite. Experimental results (London et al. 1998) reveal that near the solidus of pegmatite-forming melt (at ~640°C), the Cs content of the melt must reach ~5 wt% Cs 2 O to be saturated in pollucite solid-solution. The high Cs content needed to stabilize the pollucite in the granitic melt may explain the absence of this phase at the early stage of crystallization in the Yichun topaz-lepidolite granite.
